Summary
In Vietnam, live bird markets are found in most populated centres, providing the means by which fresh poultry can be purchased by consumers for immediate consumption. Live bird markets are aggregation points for large numbers of poultry, and therefore, it is common for a range of avian influenza viruses to be mixed within live bird markets as a result of different poultry types and species being brought together from different geographical locations. We conducted a cross-sectional study in seven live bird markets in four districts of Thua Thien Hue Province in August and December, 2014 . The aims of this study were to (i) document the prevalence of avian influenza in live bird markets (as measured by virus isolation); and (ii) quantify individual bird-, seller-and market-level characteristics that rendered poultry more likely to be positive for avian influenza virus at the time of sale.
A questionnaire soliciting details of knowledge, attitude and avian influenza practices was administered to poultry sellers in study markets. At the same time, swabs and faecal samples were collected from individual poultry and submitted for isolation of avian influenza virus. The final data set comprised samples from 1,629 birds from 83 sellers in the seven live bird markets. A total of 113 birds were positive for virus isolation; a prevalence of 6.9 (95% CI 5.8-8.3) avian influenza virus-positive birds per 100 birds submitted for sale. After adjusting for clustering at the market and individual seller levels, none of the explanatory variables solicited in the questionnaire were significantly associated with avian influenza virus isolation positivity.
The proportions of variance at the individual market, seller and individual bird levels were 6%, 48% and 46%, respectively. We conclude that the emphasis of avian influenza control efforts in Vietnam should be at the individual seller level as opposed to the market level.
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| INTRODUCTION
Live bird markets (LBMs) are known to be reservoirs and transmission hubs for avian influenza viruses (AIVs) (Biswas et al., 2015) . In South-East Asian countries, LBMs are ubiquitous and integral components of the semi-intensive poultry industries that are common in this part of the world (Indriani et al., 2010; Wan et al., 2011) . In Vietnam, LBMs are found in most populated centres, providing the means by which the majority of the population access fresh poultry for immediate consumption (Fourni e et al., 2012) . LBMs tend to be small-scale operations where poultry are mixed together with other animals under conditions of relatively poor infrastructure, mostly trading poultry derived from household and semicommercial enterprises situated closely to the area in which markets are located (Phan et al., 2013) . In LBMs, it is common for a range of subtypes of AIV to be mixed as a result of different poultry types and species being brought together from different geographical locations (Li et al., 2015) . In South-East Asia, highly pathogenic avian influenza (HPAI) viruses are known to circulate in LBMs (Biswas et al., 2015; Indriani et al., 2010; Nasreen et al., 2015; Nguyen et al., 2014; Phan et al., 2013) and it has been hypothesized that LBMs may facilitate the emergence and spread of new viral reassortants due to close contact amongst the infected birds . Furthermore, it has also been shown that in China, human infections with AIV, in particular, of the subtypes H5N1 and H7N9 are associated with recent exposure to poultry in LBMs (Li et al., 2015; Wan et al., 2011 ).
An effective strategy for reducing the likelihood of AIV transmission to the general public is to close LBMs indefinitely (He et al., 2014; Wu et al., 2014; Yu et al., 2015) . This approach was used in the outbreak of HPAI that occurred in the Hong Kong Special Administrative Region of the People's Republic of China in 1997 (Chan, 2002) . Although this strategy is effective for reducing the risk of AIV infection, it is an unpopular approach with poultry consumers (Scoones, 2010) and difficult in terms of promoting effective longterm control of AI because poultry sellers that are displaced from LBMs that have been closed tend to rapidly establish "black market" poultry trading locations (Vietnam Department of Animal Health, personal communication, 2014) . For these reasons, a less draconian approach has been to adopt interventions aimed to improve LBM biosecurity and hygiene. In this way, the risk of AIV infection within LBMs can be minimized and, at the same time, poultry trade can be permitted to continue. In a previous study, the characteristics of LBMs with improved infrastructure ("intervention LBMs," n = 3) were compared with those operating in a routine manner (n = 6) under the Vietnam Avian and Human Influenza Control and Preparedness Project (VAHIP) in Thua Thien Hue Province, in the central region of Vietnam (Chu et al., 2016; VAHIP-World Bank Group, 2015) . The study showed that HPAI H5N6 viruses were isolated from apparently healthy ducks, Muscovy ducks and environmental samples in one of the intervention LBMs. Although the number of LBMs that took part in the study was small, it appears that physical improvements in the market biosecurity and hygiene had little apparent effects on the prevalence of AIV amongst poultry present for sale at those markets.
In this study, the data of Chu et al. (2016) 
| Laboratory procedures
Oropharyngeal, cloacal swabs and faecal samples were collected from chickens, ducks and Muscovy ducks for each poultry seller on each of the two sampling rounds. For each bird, the oropharyngeal and cloacal swabs were collected in a sterile tube with transport medium, as described by Chu et al. (2016) . Samples were then trans- 
| Data management
Questionnaire responses for each sampling round were entered into a relational database with a numeric poultry seller identifier (assigned at the time of interview in the first round) used as a unique key. The results of AIV isolation were entered into this database as a separate table. The two tables were linked within the database using the unique poultry seller identifier.
| Statistical analyses
The prevalence of AIV at the individual bird level was calculated as the total number of individual bird samples that were AIV positive as the numerator and the total number of birds sampled as the denomi- Northing (km) 300 500 700 900 900 1,100 1,300 1,500 1,700 1,900 2,100 2,300 2,500
Easting ( | 1993 presence or absence of AIV in an individual bird) were computed using the odds ratio. Explanatory variables with unconditional associations at the p < .2 level (two-sided) were selected for multivariable modelling.
A fixed-effects logistic regression model was developed where the probability of a bird being AIV positivity was parameterized as a function of the m explanatory variables with unconditional associations significant at p < .2, as described above. Given
and assuming that Y i are mutually independent, this model takes the form: 
In Equation 2, p ijk represents the probability of being influenza A virus isolation positive for the ith bird from the jth seller in the kth market. Parameter M k is a zero mean random effect term with variance r 2 M representing the influence of the kth market on the probability of being AIV positive. Similarly, parameter S jk is a zero mean random effect term with variance r 2 S representing the influence of the jth seller in the kth market on the probability of being AIV positive. Our reason for including S jk and M k in the model was to account for unexplained extra-binomial variation operating at the seller and market levels on AIV risk.
Frequency histograms of the residuals from the multilevel model and plots of the residuals versus predicted values were constructed to check that the assumptions of normality and homogeneity of variance had been met. In the multilevel model, the level 1 (individual bird) variance was constrained to 1 (i.e., no extra-binomial variation was permitted). Because this variance was expressed on the binomial rather than the logit scale, the estimates of the proportion of variation in each level of the hierarchy (market, seller and bird)
were computed assuming the level 1 variance on the logit scale was p 2 /3, where p = 3.1416. This calculation is based on interpreting the presence or absence of virus isolation as the result of an underlying latent process with a continuous, logistic distribution (Snijders & Bosker, 1999 After the second round of sampling, there was no reduction in AIV prevalence, in either the intervention or non-intervention LBMs. 
T A B L E 2 Unconditional associations between the outcome variable (virus isolation positive) and the sixteen explanatory variables

| Multivariable logistic regression analyses
Estimated regression coefficients for the effect of the district in which the market was located and estimates of the variability of the market-and seller-level random effect terms from the mixed-effects model are provided in Table 3 . In the mixed-effects model, district was retained as an explanatory variable because a priori it was considered to comprise part of the hierarchical structure of the data.
None of the explanatory variables that were associated with the risk of being AIV positive at the p < .2 level were statistically significant in the final mixed-effects model. seller level, we estimate that at least 580 birds need to be sampled and tested at the 95% level of confidence under the estimation of 6.9% of the expected prevalence introduced from the present study and desired absolute precision of 2.1% which is equal to 30% of the expected prevalence (Thrusfield, 2007) .
While some questionnaire responses were significantly associated with AIV positivity at the unconditional level, adjustment for confounding using the mixed-effects logistic regression model rendered none of the questionnaire variables significantly associated with AIV positivity. There are two explanations for these findings.
Firstly, it is possible that a considerable amount of confounding was present in the data which meant that after adjustment, the association between each of the fixed-effect explanatory variables and the study outcome was no longer statistically significant. A second explanation is that the number of birds sampled in our study provided insufficient power to detect associations between certain explanatory variables and the outcome at the alpha level of .05 (Altman & Bland, 1995) ; as indicated, more birds were sold in intervention than in non-intervention LBMs (Table 2) . Although this was more than likely to be the case for some explanatory variables where the prevalence of exposure for AIV-positive and AIV-negative birds was similar (e.g., gender, where the proportion of AIV-positive birds sold by females was 0.93 and the proportion of AIV-negative birds sold by females was 0.96), it was not so for others, for example whether or not sellers sourced their birds from the same commune as the LBM (Table 2 ).
In the multivariable model, the inclusion of market-, seller-and individual bird-level random effect terms was useful in terms of providing an indication of the proportions of variance in AIV positivity that was explained by unmeasured effects operating at each of the three levels. This extension to the model was informative because it provided the opportunity to distinguish the influence of the individual bird, the seller and the market in which birds were sold on the risk of being AIV positive. Our mixed-effects logistic regression model shows that only 6% of the variation in AIV positivity risk was at the market level, whereas 48% and 46% of the variation in AIV positivity risk was at the seller and individual bird levels, respectively (Table 3 ). These findings indicate that characteristics of the seller (apart from those measured in the questionnaire) and the birds themselves should be much more likely to contribute the AIV positivity prevalence. Furthermore, of the 45 interviewed sellers selling their birds in intervention LBMs, odds of the sellers in the intervention group being AIV-positive bird was 3.59 (95% CI 1.39-9.96) times that of those in the non-intervention group of 38 sellers. Our inference from these findings is that the emphasis of AI control efforts needs to be at the individual seller level rather than the market level. Furthermore, to be effective, interventions need to recognize that sellers at LBMs are a diverse group demographically (Table 3 ) and, ideally, intervention measures should target specific demographic groupings. Encouragingly, at the bivariate level (at least), those sellers who attended a training course had a reduced risk of having AIV-positive birds.
If it is assumed that AIV enter a market via poultry submitted for sale by individual sellers, it is perhaps not surprising that only 6% of the variation in AIV positivity risk was due to factors operating at the market level. This finding is biologically plausible, as birds enter a market on a given sale day from a number of geographic locations and it is reasonable to expect that the risk of virus entry into a market depends largely on the location from which birds are sourced. LBMs are licensed or registered under local law to operate from a fixed address and must have a certificate for tracking the source of birds introduced into the market on a given day. Because
LBMs are the congregation point for relatively large numbers of (presumably) AI-na€ ıve birds, they represent ideal surveillance points for estimation of AI prevalence (Trock, Gaeta, Gonzalez, Pederson, & Senne, 2008) . Poultry remains in the LBMs environment for a relatively short period of time (typically one to 2 days), so the risk of within-market spread of AIV is likely to be small. The length of time birds kept in an LBM and the effectiveness of disinfection and biosecurity procedures may therefore contribute to the prevalence of AIV positivity, although based on our findings the contribution of market effects on AIV positivity prevalence was relatively small.
We expected that within-market transmission of AIV might be less in the intervention LBMs. However, field observations showed that there were periodic lapses in cleaning procedures including incomplete coverage of disinfectant and use of disinfectants diluted at incorrect concentrations.
A limitation of this study is that our observations were based on a cross-sectional survey in which LBMs were sampled on only two occasions and the interval between the two sampling rounds was relatively short (approximately 3 months). Reports from market managers and sellers about their biosecurity practices in the LBMs were not verified. Although around 60% of birds were handled by sellers who did not use gloves, it is likely that this proportion has been underestimated because of obsequiousness on behalf of 
| CONCLUSION
The prevalence of AIV positivity in poultry submitted for sale at the LBMs included in this study was 6.9 (95% CI 5.8-8.3) AIV-positive birds per 100 birds submitted for sale. After adjusting for clustering at the market and individual seller levels, none of the explanatory variables solicited in the questionnaire were significantly associated with AIV positivity. A relatively small component of the variation in AIV positivity risk was at the individual market level. We conclude that the emphasis of AI control efforts should be at the seller level rather than market level.
T A B L E 3 Estimated regression coefficients from a mixed-effects logistic regression model 
